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Fig. 4 Blade angle of attack with optimized second order harmonic
input. Speed 140 kt, power consumption 3251 hp.

lows: at a given airspeed, vary </>2 to minimize the power.
With that value of (/>?, vary a2 to minimize the power. With
both a2 and </>2 determined, increase the speed. Eventually,
a speed is reached when flight can no longer be sustained
with the current a2 and </>?. This is signaled by the blade state
and rotor loads failing to converge. Backing off, to a speed
where convergence occurs c/>2, then a2 are varied again to find
the local optimum. With this done, further increase in speed
is possible.

The procedure was repeated until a further increase of 1
kt was no longer possible. This speed (160 kt) is accepted as
the top speed with second harmonic control. Note that the
speed entry in each line in Table 1 above 150 kt is the top
speed possible with a2 and </>2 of the previous line. The top
speed with pure swashplate control was similarly determined
and found to be 141 kt.

Figures 3 and 4 are contour plots of the blade angle of
attack over the rotor disk. Both were taken at the same speed
of 140 kt, Fig. 3 with pure swashplate control, Fig. 4 with
optimum second harmonic control. These figures show how
the use of K(I^) shrinks the areas of high angle of attack ex-
perienced by the retreating blade.

V. Conclusions
The results given here generally corroborate the predictions

of Ref. 3 regarding the increase in helicopter top speed with
second harmonic control. However, the speed improvement
is more modest than predicted there and the optimal control
parameters that achieve it are not quite the same. (In our
notation the control parameters in Ref. 3 are a2 = 4.1 deg,
4>2 = -104 deg, compare to the last line in Table 1.) The
present work employs a full, nonlinear, dynamic model of the
flapping blades, which offers a more solid basis for the anal-
ysis. More detailed results, such as the variation of optimal
second harmonic control with speed, fall out.

For continuity and comparison, we treated Arcidiacono's
sample helicopter. This allows a direct comparison of the
current blade simulation approach and its results to previous
work. The actual increase in top speed is specific to the ex-
ample treated. But the use of blade models such as Bladehelo
is a general method whose time has come. Refining blade
models and putting them to use for determining optimal meth-
ods of blade control opens a rich field of investigation.
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Subscripts
a =
c =
d
f
im =
in =
ou =
so =
va =

internal energy rate, J/s
enthalpy rate, J/s
liquid water content, g/m3

mass flow rate, kg/s
heat flux rate, J/s
Reynolds number
droplet position, m
temperature, °C
velocity vector, m/s
angle of attack, deg
dynamic viscosity, kg/ms
density, kg/m3

air
convection
droplet
friction
impingement
into control volume
out of control volume
solidification
vaporization

Introduction

T HE formation of ice on aircraft components such as wings,
control surfaces, and engine intakes, occurs when the

aircraft flies at a level where the temperature is at, or below
freezing point and hits supercooled water droplets. The amount
and the shape of ice collected depend mainly on liquid water
content, temperature, airspeed, droplet size, and surface
roughness. Results from wind-tunnel and flight icing tests
indicate that the presence of ice on unprotected aircraft com-
ponents can lead to a number of aerodynamic degradation
problems, and consequently, is a major problem of safety.1

The most severe penalties encountered deal with decreased
maximum lift, increased drag, decreased stall angle, changes
in the pressure distribution, early boundary-layer transition,
increased stall speed, and reduced controllability. As a part
of the research activities conducted by J.-A. Bombardier
Aeronautical Chair at Ecole Polytechnique de Montreal, nu-
merical tools have been developed for ice accretion analysis
and simulation that are of interest to Canadian aerospace
industry2 3 and are capable to predict the amount and shape
of rime/glaze ice on aircraft including flowfield calculation,
particle trajectory calculation, thermodynamic analysis and
geometry update with the possibility of studying the effect of
ambient temperature, roughness height, liquid water content,
accretion time, droplet diameter, etc.

Predicted

Experimental

D=20/jm T=-30.5°C V= 94 m/s
cr= 4.0° LWC= 1.05 g/m3 Time = 6.2 min

Fig. 1 Comparison of computed and experimental ice shapes in rime
ice conditions (T = — 30.5°C).
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D= 20/Jim T= -19.8 °C V= 58 m/s
cr= 4.0° LWC= 1.30 g/m3 Time = 8 min

Fig. 2 Comparison of computed and experimental ice shapes in rime
ice conditions (T = - 19.8°C).

Simulation of Ice Accretion
The main objective of ice simulation is the calculation of

the impingement of the particles on the wing, which deter-
mines the droplet impingement regions as well as the mass of
liquid on the body surface. The main applications are for use
as input to ice accretion calculation, to predict aerodynamic
performance degradations, and for use in the design of anti/
deicing systems. The computational procedure is an iterative
process where the flowfield influences the ice formation which,
in turn, changes the flowfield. At each integration step, the
local velocity needed to solve the droplet equation of motion
is obtained from the flowfield solution, while the integration
is continued following droplets until they impinge on the air-
foil surface or move out of the range of the limit trajectories.
The present code is developed so that any panel code for
flowfield computation could be matched with ice calculation
modules. The procedure used for impact calculation is based
on parametric equations for a droplet moving from one po-
sition to another. Then a condition on geometric parameters
shows if a droplet does or does not hit the wing. The basic

equation of motion for droplets, including the buoyancy, grav-
ity and drag forces is

with K(; = [(p(l — p(l)/p(/]g and KA = p(/D^/l8fji(l, Equation
(1) represents a second-order differential equation that can
be solved using classical difference methods.

Thermodynamic Analysis
The thermodynamic characteristics of the freezing process

of incoming droplets are analyzed by considering the mass
and energy balance on the wing surface. Based on the mass
flux and heat balance, the freezing fraction of the incoming
water droplets for a control volume can be calculated, and
along with the droplet impingement computation the amount
and growth of ice formed on a control volume can be deter-
mined. The ambient temperature is critical in determining the
type of surface involved: dry, wet, or liquid, and therefore,
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Predicted

Experimental

Repeatability of
ice shape
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D= 20/jm T= -8.0 °C V= 58 m/s
a= 4.0° LWC= 2.10 g/m3 Time = 5 min

Fig. 3 Comparison of computed and experimental ice shapes in glaze
ice conditions (T = -8°C).

D= 20 /jm T= -6.6 °C V= 94 m/s
a= 4.0° LWC= 1.05 g/m 3 Time = 6.2 min

Fig. 4 Comparison of computed and experimental ice shapes in glaze
ice conditions (T = -6.6°C).

on the energy balance. The continuity and energy equations
are given by

£so + Hvil ou - Hin - Him = Q, - Qc

(2)

(3)

Enthalpy and internal energy are calculated in relation to
a given reference state and depend on the type of surface
involved, whereas the heat transfer coefficient is computed
from two relations, one for the laminar region and one for
turbulent region.3 The roughness model used is based on em-
pirical relation as given by Ref. 4.

Results and Discussion
THERMICE has been tested in rime and glaze ice condi-

tions and compared with experimental data and numerical
results. Figures 1 and 2 show comparison between results
calculated with THERMICE and those given by Shin et al.4

in rime ice conditions. The calculated ice shape compares well
with experimental data, particularly for the impingement lim-
its on the upper and lower surface of the airfoil. Figure 3
shows comparison with a series of experiments conducted by
Olsen et al.5 in glaze ice conditions. We can observe that the

horn is well-predicted, but the lower impingement limit, and
consequently the accumulated mass of ice, is overestimated.
Finally, Fig. 4 shows the resulting ice shape compared with
experimental and numerical results at a temperature of — 6.6°C.
The results obtained with THERMICE compare well with the
numerical data, but the experimental ice shape is not well-
reproduced. This is the weakness of icing codes to predict
glaze ice shape since there is limited understanding of the
physical phenomenon of rough surfaces. Thus, it will be help-
ful if some experimental data could be obtained for heat trans-
fer and roughness characterization.

Conclusions
An icing code including thermodynamic effects has been

developed. It predicts well ice accretion in rime ice conditions.
However, for glaze ice the results do not agree well with
experimental data. For a realistic ice accretion it is important
to include the microphysical aspect of ice, model accurately
the convective heat transfer, and improve the correlations of
equivalent sand-grain roughness.
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Introduction

F OR many years, fluid dynamicists have looked for simple
expressions to characterize aerodynamic properties for

specific flow regimes. This has resulted in such expressions
as the Prandtl-Glauert rule for subsonic lift coefficient ap-
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